A b s t r a c t. Organic liquid retention of soils is a primary input variable for modelling the nonaqueous phase liquid transport and behaviour in the subsurface. In environmental and soil physical practice, it is mainly determined by scaling based on the water retention of soils or with charts of average empirical values of organic liquid retention or the fitting parameters of hydraulic functions. Predicting the fitting parameters of organic liquid retention curves with pedotransfer functions might be a promising alternative method, but this topic has only been researched to a limited extent. Thus we investigated the applicability of different hydraulic functions (3-and 4-parameter form of the van Genuchten equation and Brutsaert equation) for fitting organic liquid retention characteristics. Multivariate linear regression was used to build and develop pedotransfer functions, modelling relations between original and transformed values of basic soil properties and organic liquid retention. We attempted to generate parametric pedotransfer functions. According to our results, the applicability of hydraulic functions for fitting nonaqueous phase liquid retention curves to the experimental data was proven. The investigations gave promising results for the possibility to estimate soil nonaqueous phase liquid retention with parametric pedotransfer functions.
INTRODUCTION
Pressure -saturation (P-S) relationships are primary input soil properties for simulating the behaviour and transport of NAPLs (Nonaqueous phase liquids) in the subsurface. Although knowledge of the soil NAPL retention is very important, it is commonly estimated with simplified methods, based on the soil water retention. In environmental practice, P-S is usually determined by charts of average empirical pressure -fluid saturation values or different modified versions of the Leverett function (Leverett, 1941) (Eq. (1)), scaling water retention to NAPL retention using some soil properties (eg viscosity, interfacial tension, density) and their combinations (eg in the HSSM model - Weaver et al., 1994 or PLSI Simulator -Guarnacchia et al., 1997 where: θ is the fluid retention of soil samples; σ is the interfacial tension of fluids and ρ is the density of the nonwetting (nw) and wetting (w) phases.
Moreover, Lenhard and Parker (1987) suggested an improved scaling method (Eq. (2)), which was used by Beckett and Joy (2003) to create a dataset of calculated fitting parameters of the van Genuchten equation for NAPL retention curves:
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where: S is the fluid saturation, P is pressure head, β is a scaling factor calculated from the interfacial tension of the phase pair, and α, n, and m are fitting parameters.
Results of recent investigations have demonstrated that the applicability of methods based on determining the NAPL retention from water retention is questionable for natural (well aggregated, higher organic matter or clay contents, etc.) soils. Charts of average fluid retention or fitting parameter values might not represent the variability of soil properties that presumably influence the organic liquid (1) retention of soils. In Leverett type equations, the different interactions between the various fluids and the porous media were assumed to be negligible. Moreover, only a few column experiments had been carried out to validate these estimation methods and these experiments were primarily carried out on glass beads and/or sands (Makó and Hernádi, 2013) .
Creating PTFs based on easily measurable soil properties might be a promising alternative method for the prediction of the NAPL retention of soils (Makó, 2005; Makó and Hernádi, 2013) .
PTFs have already been used successfully to determine the water retention of soils by several authors (Lamorski et al., 2012; Minasny et al., 1999; Rajkai, et al., 2004; Schaap and Leij, 1998) .
The most important topics in building and developing PTFs to estimate the water retention of soils are the determination of the role of additional soil properties on water retention (eg more detailed information about PSD, soil structural information, and morphological properties) (Vereeckeen et al., 2010) , and the development of new data handling techniques, such as artificial neural networks, regression trees, or inference systems (Botula et al., 2013; Minasny et al., 2004) . Even though the promising new statistical techniques might offer higher prediction ability, MLR has the advantage of simple operation with sufficient accuracy to estimate soil water retention characteristic (SWRC) (Minasny et al., 1999; Vereecken et al., 1989) .
Notwithstanding the promising results of the applicability of PTFs to estimate water retention of soils, only few researchers have begun to create special PTFs to estimate the NAPL retention of soils (Makó, 2005; Makó and Hernádi, 2013) . At the same time, experience in creating PTFs for water retention could be used as the base of generating PTFs to predict the NAPL retentions of soils.
In predicting water retention, basically three main types of PTFs might be distinguished. Point estimation is based on the determination of water retention at a given pressure level. Parametric methods are developed to estimate parameters of the soil water retention characteristic (SWRC). Only few researchers combined the parametric method with the direct fitting of the parametric function to the estimated water retention values (Tomasella et al., 2000) . In physico-empirical models, the SWRC was determined using fractal geometry models or by translating the particle size distribution (PSD) into SWRC based on the capillary equation (Haverkamp et al., 2005) .
Many authors have found that point PTFs might give more accurate prediction (Minasny et al., 1999; Tomasella et al., 2000) than parametric methods, although parametric methods offer the possibility to estimate soil water retention for a wide range of pressure heads if limited retention data are available. However, the correct application of parametric PTFs requires that the model is correctly specified and the fitting of SWRC and predictions are accurate.
Fitting parameters of hydraulic functions are commonly used to describe unsaturated soil parameters, such as permeability or hydraulic conductivity (van Genuchten, 1980; Lenhard and Parker, 1987) . In addition, most of the fluid retention measurement methods are only suitable to determine the main drainage curves, which would be the ground to determine the hysteretic and scanning curves for drainage and imbibition. Thus, the inaccuracy of fitting might cause multiplied errors of the simulated transport parameters in hysteretic multiphase transport models (eg the amount of residual organic liquid content, infiltration depth and time) (Guarnaccia et al., 1997) .
Unimodal mathematical expressions of van Genuchten equations having 5, 4, or 3 parameters (1980) and the Brutsaert equation (1966) are widely cited and adopted for modelling purposes because of their relative simplicity. The fundamental requirement for hydraulic functions is that they are monotonic and they must reach zero fluid content at finite suction.
Originally, the van Genuchten equation has five parameters. Despite the shape parameters without physical meaning giving flexibility to the model, van Genucthten et al. (1991) suggested the use of its four-parameter form in case only a limited range of data (usually in the wet range) is available. Recently, the two most often used constraints for parametric m is m = 1 (Brutsaert, 1966) , which leads to a symmetrical SWRC plot, and the constraint m =1-1/n (van Genuchten et al., 1991) , which might lead to an asymmetrical SWRC plot. In addition, constraining m = 1-1/n in van Genuchten equation having four parameters might lead to increased prediction potential without losing much of the accuracy and linearity of fitting (Assouline and Or, 2013; Cornelis et al., 2005) .
These closed form analytical expressions might give fairly accurate fitting also to determine the organic liquid retention curves (Makó, 2005; Rathfelder and Abriola, 1996) . However, no results of investigations of the accuracy of various type hydraulic functions for parametrizing NAPL retention data have been published until now.
In the 1990s, a series of investigations to build PTFs for estimating NAPL retention of soils were initiated in Hungary (Makó, 2005) . Now, the basic soil parameters and data of water and NAPL retention measurements with the pressure plate extractor method were collected into a dataset. The aim of this study was to examine the applicability of three different types of hydraulic functions (the van Genuchten equations with three and four parameters and the Brutsaert function) for fitting NAPL retention curves to experimental data with the nonlinear regression method.
The possibility of estimation of the fitting parameters with parametric PTFs was also investigated. The accuracy of parametric PTFs was compared to the accuracy of commonly used scaling methods (Leverett, 1941; Lenhard and Parker, 1987) .
MATERIALS AND METHODS
The collected dataset consisted of 369 samples. Particle size distribution of the soil and mineral mixture samples were determined by the conventional pipette method (dispersing agent: Na 4 P 2 O 7 ) (Gee and Bauder, 1986) . Organic matter content measurements were carried out by wet combustion with the Tyurin titrimetric method (oxidation with chromic acid using boiling and Cr 2 O 7 -2 not used in oxidation is titrated with Fe(NH 4 ) 2 (SO 4 ) 2 ) (Tyurin, 1931) . The calcium carbonate content was measured with a Scheibler calcimeter using 1-10 g samples, adding HCl to the samples and calculating the CaCO 3 from the volume of released CO 2 (Nelson, 1982) . Bulk density was determined by oven drying 100 cm 3 intact soil cores at 105°C (Blake and Hartge, 1986) .
The water retention measurements were performed with distilled water according to the MSZ 08 0205:1978 and ISO 11274:2009 standards. NAPL retention was determined with a non-aromatic nonpolar organic liquid, DUNASOL 180/220 (Hungarian Gas and Oil Company Plc. -MOL Rt.) (Makó and Hernádi, 2013) . For the organic liquid retention measurements, two types of porous ceramic plates were used, characterized by 100 and 500 kPa air entry value (for the water-air system). Porous plate cells were the modified version of LAB023 cells (Soilmoisture Equip. Corp.). The original accessories were replaced by Teflon and glass, while porous ceramic plates were completed in pressure cells with oil-resistant silicon rubber. The pressure cells were built into a thermostatic cupboard, which allowed maintenance of isothermal conditions during the measurement (Makó, 2005) .
All NAPL retention values used in this investigation were measured at 20°C in the pressure range of 0.0-150 kPa.
Primary regression analysis was performed using basic soil properties (percentage of clay and silt content, the bulk density, and organic matter and CaCO 3 content) with the purpose of removing possible outliers. The results of the preliminary data analysis performed using a principal component analysis (SPSS 13.1/Varimax rotation with Kaiser normalization) and outlier detection (casewise diagnostic) were published partly in our former study (Hernádi and Makó, 2014) . Here, only the dependence structures between predictor and response variables used in this study were presented by the biplots of the reconstructed original variables and the individual observations on the first two principal factors. In addition, correlation matrixes of predictor and response variables were used to help examine the role of predictor variables on NAPL retention of soils.
Van Genuchten hydraulic function with three (Eq. (3)) and four (Eq. (4)) parameters (1980) and the Brutsaert equations (1966) (Eq. (5)) were fitted to all measured NAPL retention data with the nonlinear optimization method (Nonlinear regression/sequential quadratic programming).
where: θ (h) is the volumetric fluid content at potential P (kPa), θ r is the residual fluid content, θ s is the fluid content at saturation, α and n are fitting parameters.
Differences between water and NAPL retention curves were investigated with the nonparametric test (KolmogorovSmirnov test at p < 0.05).
The average fitting parameters (proposed by Carsel and Parish, 1988) were applied as the initial values of nonlinear regression. In addition, to avoid calculation of unidentified fitting parameter values, the following boundary conditions were used: α > 0.001; n > 1.01, n < 10; θ s > 0.01, θ s < 1 and θ r ≥ 0.0 as suggested by other authors (van Genucten et al., 2001; Vereecken et al., 2010) .
To compare the accuracy of fitting, the Pearson R 2 and the root mean squared error (RMSE) (Eq. (6)) were calculated:
where: y i is the measured value ; ŷ i is the predicted values of y and N is the number of samples.
Fitting van Genuchten equations to the measured NAPL and water retention data offers the possibility to compare experimental retention data measured at different pressure levels. Thus, in our further investigations fluid retention values, calculated to 0.01, 0.2, 1, 2, 5, 10, 15, 40, 100 and 150 kPa pressure levels, were used.
For building PTFs and validation puproses, the dataset was randomly split with the ratio of 90:10 (calibration and validation data). The necessity of transforming response variables (parameter α and n) was investigated with hypothesis testing in mind, based on the examination of their distribution with the Kolmogorov-Smirnov test (as the dataset includes more than 50 observations). Later, the predicted parameters were obtained with reverse transformation.
In most NAPL fate and transport simulation models, the average fitting parameters of texture groups can be commonly used (eg HSSM and STOMP models, NAPL simulator), thus the parametric PTFs were constructed by grouping the data by texture for silty clay, silty clay loam, silt loam, and sandy loam samples (where n>20) using the basic soil parameters and their transformed values (linear, reciprocal, multiplied, and inverse) as predictor variables (as proposed by Wösten et al., 1995) .
PTFs were developed with the multiple linear regression method (SPSS 13.01 -Linear regression). The stepwise iteration method was chosen for the selection of variables to enter the equation.
The accuracy and reliability of the developed parametric PTFs and the parameter estimation were determined by R 2 and RMSE and the accuracy of parametric PTFs was compared to the accuracy of commonly used estimation methods proposed by Leverett (1941) and Lenhard and Parker (1987) by the same criteria.
RESULTS AND DISCUSION
Considering the R 2 values, all the three fitting methods showed the same accuracy for fitting NAPL retention curves ( Table 1 ). The similar applicability of van Genuchten and the Brutsaert equations was already observed by other authors on different datasets (Makó, 2005; Rathfelder and Abriola, 1996) .
RMSE values showed also the same level of accuracy when van Genuchten or Brutsaert equations were used. In spite of the higher accuracy of the four-parameter form of the van Genuchten equation than the three-parameter form, the latter was used in our further investigations to avoid the error caused by the possible correlation between parameters.
Parameter α and n showed nonlinear behaviour in their distribution, thus logarithmic transformed values of these response variables were calculated (as proposed by Wösten et al., 1995) . The transformation resulted in a negatively skewed population of parameter α, but its Kurtosis index decreased remarkably. The transformed parameter n showed more statistically normal distribution (less tailed but rightly skewed) than the original fitted parameter (Table 2) .
Significantly higher fluid retention was observed in waterair porous media systems than in air-NAPL-porous media systems at all pressure levels (Fig. 1a) , which was proven by the nonparametric test (p < 0.05).
The NAPL curve starts at a slightly lower fluid content at saturation than water saturation and then decreases more rapidly as the pressure increases compared to water retention. This could be explained by the differences in fluid properties (density, interfacial tension, etc.) and/or soil properties (capillarity, hydrophobicity, etc.) or the gravity forces, all of which influence the interactions between the fluids and the porous media (Lenhard and Parker, 1987; Lu et al., 2007; Tuller and Or, 1999) .
The deviation between NAPL retention and water retention of coarser textured soils (silty loam and sandy loam) in the lower pressure range was significant (p < 0.05). The gravitational pores of sandy loam soils filled with NAPL were drained faster than the pores of the finer textured soil samples. As the pressure increased, the difference between NAPL and water retention became smaller and less variant by texture. The maximum deviation was shifted to a higher pressure level in the case of finer textured soils (Fig. 1b) .
A similar result was found by Haverkamp et al. (2005) investigating the possibility of development of an integral measure of the slope of SWRC with a single shape factor. Finer textured soils had larger shape factors ie sandy soils release water more readily than soils with higher clay content. Significant correlations were found between basic soil properties and measured NAPL retention of soil (Table 3) .
Communality values (diagonal of the correlation matrix) show that all the variances of each correlated variables might be accounted for by the components, except the communality of organic matter and CaCO 3 content, which were somewhat lower than 0.8. The mean communality value was higher than criterion 0.6 (for N>250).
CaCO 3 content correlates well with NAPL retention, especially at the lower pressure range (<15 kPa). Organic matter content of soils correlates with NAPL retention at every pressure. NAPL retention is strongly correlated with the bulk density. The negative correlation between bulk density and NAPL retention values shows proportional relationships decreasing inversely with increasing pressure. Clay (<2 μm), Silt (50-2 μm), Sand (2000-50 μm), BD is the dry bulk density (g cm -3 ), OM is the organic matter content and θ is the NAPL retention of the soil samples (vol%) at a given pressure (kPa). Nonredundant residuals 24 sample (26.0% of data) (computed between observed and reproduced correlations) have absolute values greater than 0.05, which means the model is consistent with the empirical data. Table 4 shows the same significant correlation between the basic soil properties and fitting parameters of NAPL retention curves or their transformed values.
As could be expected, θ s , which was constrained at 0.01 kPa, was highly correlated with bulk density and to a lesser extent with finer fractions of soils. In addition, ln(α) was proportional to bulk density, similar to the findings of Cornelis et al. (2005) and results of principal component analysis by Vereecken et al. (1989) investigating the correlation between soil properties and water retention. The latter was expected, as α is considered to be inversely proportional to the bubbling or air entry pressure of soil (van Genuchten et al., 1991) , which is strongly affected by porosity, and thus by bulk density, texture, and structure of soils.
Strong correlations of silt content were obtained with the parameter θ s and ln(n), but clay content showed a remarkable correlation only with θ s . Cornelis et al. (2005) demonstrated a negative correlation between n and clay or silt content. In addition, as a consequence of this, ln(n) was positively correlated with sand content. Furthermore, it was shown that CaCO 3 and organic matter content have significant effects on fitting parameters as well.
However, the reproduced correlation matrices indicate that 19 (52.0%) of the residuals have absolute values greater than 0.05, which might imply that the model does not fit to the empirical correlations really well.
The plot of the reconstructed original variables and the individual observations on the first two principal factors also shows a strong correlation between PSD fractions and NAPL retention (Fig. 2a) .
The sand content and bulk density (pointing in the opposite direction) correlate negatively with NAPL retention. After rotation, the first component accounted for 46.11% and the second for 42.29% of the total variability.
The biplot of the PCA of basic soil properties and fitting parameters shows lower correlations; only 63.57% (33.86 and 29.70%) of the variance could be explained by the components. Parameter α is primary and positively influenced by the bulk density and seems not to be strongly correlated with any other parameters. Parameter θ s and ln(n) were affected negatively by bulk density and positively by the clay, silt, and CaCO 3 content (Fig. 2b) .
The results of Bartlett test (sphericity <0.5 criterion at p<0.05) and Kaiser-Meier-Olkin test (>0.6) verify the acceptance of sampling adequacy to build proper PTFs for predicting NAPL retention, but suggest that further extension of the dataset is needed for accurate and reliable parameter estimation.
Considering the results of preliminary regression analysis performed for outlier detection, records of pure clay minerals were removed. The randomly split dataset for the selected four texture groups contains the basic soil properties and NAPL retention of 285 soil samples (Table 5) .
According to the results of preliminary regression analysis, NAPL might be accurately predicted with PTFs using basic soil properties. Iteration with the stepwise method resulted in PTFs (point estimation) with R 2 ranging from 0.360 to 0.545 and RMSE from 1.05 to 1.27 vol%. θ s , ln(α) and ln(n) are fitting parameters of the P-S functions, or their transformed values. Other explanations as in Table 3 . Increased accuracy was found when the more detailed fractions of PSD and the transformed values of predictor variables were used in building parametric PTFs for the selected texture groups (primary grouping the data by texture) (Table 6) .
RMSE values correspond to the range of RMSE values obtained by other authors predicting water retention with PTFs (approximately 2-7 vol% -0.02-0.07 m³ m -3 ) (Minasny et al., 1999; Schaap and Leij, 1998; Shaap et al., 1999) concerning the accuracy and reliability as well.
According to R 2 , a decrease in accuracy and reliability was observed with increasing pressure, but RMSE values did not show this tendency.
Fitting parameters of the van Genuchten equations were accurately predicted by PTFs after grouping the data by texture. Lower reliability of these PTFs was found, which might be the consequence of differences in soil properties between the calibration and validation subsets of data ( Table 7) .
The lowest predictability of parameter α and θ s might also be caused by the strong correlation between them.
A similar strong correlation was found by Minasny et al. (2004) and Cornelis et al. (2005) between fitting parameters, which were explained by overparametrization of the model. Although the strong correlation of the fitting parameters and unique problems leading to poor convergence and ill-defined parameter values might be the consequence of the improperly imposed restrictions on the parameter values or inadequate selection of the initial parameter values. Vereecken et al. (1989) noted that the accuracy of parametric PTFs for estimating water retention was the most sensitive to changes in θ s amongst the parameters of VG equations. In addition, the fitted value of θ s is usually lower than the measured fluid content at saturation, which might lead to lower accuracy of predicting the saturated end point of the fluid retention curves (van Genuchten et al., 1991) .
We must take it into account also the limited applicability of our developed PTFs, which is similarly restricted by our dataset upon which they were based, as formerly noted by several authors (Cornelis et al., 2005; Schaap and Leij, 1998) . Larger and more heterogeneous datasets with representative data of various soils are required to develop accurate and reliable PTFs. Further investigations are needed to examine the effects of other soil properties eg structure of soil NAPL retention.
Our dataset contains fluid retention values determined by the same measurement method, which might lead to apparently increased accuracy of PTFs, as reported by Cornelis et al. (2005) and Vereecken et al. (1989) .
In addition, we had an opportunity to measure NAPL retention of soils between 0-150 kPa. Contrarily, PTFs which were built using fluid retention data determined by . PTF_PAR -parametric PTFs for texture groups (predictor variables: PSD fractions (except the coarse sand), organic matter and CaCO 3 content, bulk density, and their transformed values. PTF_PO -PTFs -point estimation (predictor variables: clay, silt, organic matter and CaCO 3 content, bulk density) SC -is the scaling method proposed by Lenhard and Parker (1987) (Eq. (2) ). LEV -is the Leverett method (Leverett, 1941) (Eq. (1)). a b pressure plate devices are generally limited to matric suction <= 1 500 kPa. Lu et al. (2007) suggest the use of soil SWRC data from 0-1 500 kPa if higher accuracy of prediction is required. However, the accurate estimation of fluid retention at the end points of the fluid retention curves has not been yet entirely resolved, even in the case of fitting hydraulic functions to water retention data either due to the problems in parameterization itself and the difficulties in precise determination of the soil water content at low pressure, near saturation (Schaap and Leij, 1998; Vereecken et al., 1989) . These models might also give relatively poor estimation at low water content, where the soil matric potential is related not only to capillary forces, but also to adsorptive forces. In addition, the accuracy of fitting might be affected by the measurement method of soil water retention and other soil properties, such as the organic matter content and structural properties, etc. as well (Cornelis et al., 2005; Minasny et al., 1999) .
In our study, better applicability of various PTFs was found for estimating NAPL retention compared to either the commonly used scaling methods proposed by Leverett or the scaling method of Lenhard and Parker (Fig. 3) .
In Fig. 3 , the RMSE values of Leverett-type estimation were not presented as they exceed 25 in all cases.
According to our results, using neither the Leverett equation nor the scaling method gives accurate estimation for NAPL retention of the investigated soil samples. CONCLUSIONS 1. The dataset containing basic soil properties, water and a nonaqueous phase liquid (namely DUNASOL 180/220) retention data of 285 samples was built to investigate the possibility of development of pedotransfer functions to predict soil nonaqueous phase liquid retention.
2. Significant differences (p<0.05) were found between the measured water and organic liquid retention. The deviations varied with soil texture and with the applied pressure values.
3. The commonly used fitting equations (three and four parameter van Genuchten, Brutsaert) were suitable to describe organic liquid retention curves (R 2 = 0.99, root mean squared error <0.012 vol%).
4. The logarithmic transformed values of response variables (parameters α and n of fitting equations) were suggested for use in building parametric pedotransfer functions.
5. Based on the results of principal component analysis, an important impact of bulk density, and clay, silt, sand, CaCO 3 , and organic matter content on organic liquid retention was detectable; therefore, the involvement of these soil parameters into the nonaqueous phase liquid retention pedotransfer functions is suggested.
6. The preliminary statistical analysis to build and develop parametric pedotransfer functions gave promising results. Using more detailed fractions of particle size distribution and the transformed values of soil properties resulted in increased accuracy of prediction for the selected texture groups (primary grouping). The reliability of pedotransfer functions was lower to some degree than accuracy.
7. Sufficient accuracy of parameter estimation and lower reliability of predicting fitting parameters were found. The lower predictability of parameter of the fluid content at saturation and ln(α) than ln(n) might be a result of the error of the fitting procedures or the strong correlation between fitting parameters.
7. Our results showed limited applicability of conventional scaling methods compared to prediction of nonaqueous phase liquid retention using pedotransfer functions. Further research is planned to investigate the applicability of the combination of peodtransfer functions and scaling methods (predicting organic liquid retention of arbitrary non-polar liquids) to an extended dataset containing organic liquid retention data measured with different organic liquids.
